Abstract. The present study profiled differentially expressed microRNAs (miRs) in gastric cancer cell lines and then investigated miR-7 expression in gastric cancer tissue specimens and the effects of miR-7 on the growth, invasion and metastasis of gastric cancer cells and the underlying molecular events. A microRNA microarray was used to profile differentially expressed miRNAs in human gastric cancer cell lines relative to a normal stomach mucosal epithelial cell line. The miRNA miR-7 was selected for further investigation, which included real-time reverse-transcription PCR (qRT-PCR) analysis of miR-7 levels in different gastric cancer cell lines and tissues and distant non-tumor tissues from patient resections. Cell Counting Kit-8 (CCK-8), Transwell migration and invasion, and western blot assays were performed to assess tumor cell viability, invasion and gene expression, respectively, after miR-7 transfection. The miRNA microarray profiling revealed 14 upregulated miRNAs (including miR-21, miR-26b and miR-30b) and 19 downregulated miRNAs (including let-7i, miR-7 and miR-622) between gastric cancer and normal cell lines. The qRT-PCR analysis confirmed that reduced miR-7 expression occurred more frequently in poorly and moderately differentiated gastric cancer MGC-803, MKN-45 and SGC-7901 cell lines than in the well-differentiated gastric cancer NCI-N87 cell line, which was consistent with the results for gastric cancer tissues. Expression of miR-7 was downregulated in 86.9% (20/23) of the gastric cancer tissues compared with that in the distant non-tumor tissues. Restoration of miR-7 expression significantly inhibited tumor cell viability, invasiveness and migration when compared with the control cells. Luciferase assay confirmed the epidermal growth factor receptor (EGFR) as a target gene of mR-7, and expression of miR-7 significantly suppressed EGFR expression at both the mRNA and protein levels. The data from the present study demonstrated that reduced miR-7 expression contributes to gastric cancer development and progression. Further study will investigate miR-7 in the regulation of EGFR expression in vitro and in vivo.
Introduction
Human gastric cancer is one of the most common malignancies in the world, with 934,000 new cases occurring each year. The overall 5-year survival rate of gastric cancer remains less than 20%. Advanced disease stages and tumor metastasis contribute to the high mortality rate in patients with gastric cancer (1) , which is associated with abnormalities in tumor intracellular signaling networks. During tumor development, environmental and genetic factors interact to contribute to the dysregulation of gene signaling pathways, which include JAK-STAT, Wnt, MAPK and PI3K (2) (3) (4) (5) (6) .
Studies have shown that abnormal expression of microRNAs (miRNAs, miRs), small non-coding RNAs ~18-22 nucleotides in length that post-transcriptionally regulate expression of target genes, is one of the key mechanisms in cancer development, invasion and metastasis (7) (8) (9) . Many studies have shown altered expression of various miRNAs in human carcinogenesis. For example, miR-451, miR-101, let-7 and miR-17-92 have been reported to regulate the invasion and metastasis of tumor cells by targeting the PI3K/Akt and MAPK pathways (10) (11) (12) (13) .
In gastric cancer, miRNAs have been found to play important roles in tumor initiation and progression, including miR-20, miR-34b, miR-128, miR-129, miR-148, miR-150 and miR-21 (14, 15) . Other miRNAs (miR-15b, miR-16, miR-372 and miR-150) affected gastric cancer apoptosis and drug resistance (16) (17) (18) . The miRNAs miR-218, miR-141, miR-375, miR-101, miR-21, miR-449 and miR-107 are implicated in the regulation of gastric cancer cell differentiation, invasion and metastasis (19) (20) (21) (22) (23) (24) (25) . Further investigation of aberrant miRNA expression in gastric cancer cells may provide insightful information for a better understanding of gastric cancer and the mechanisms underlying gastric carcinogenesis. Such investigations could help us to develop novel strategies for future prevention, diagnosis and treatment of gastric cancer. To this end, in the present study we first profiled differentially expressed miRNAs in gastric cancer cell lines relative to a normal stomach mucosal epithelial cell line. We then investigated miR-7 expression in gastric cancer tissue specimens and the effects of miR-7 on growth, invasion and metastasis of gastric cancer cells and the underlying molecular events. The miR-7 gene is localized at the intron region of the heterogeneous ribonucleic protein k gene on human chromosome 9, and altered miR-7 expression is associated with the progression of numerous types of tumors since miR-7 can target and inhibit expression of the epidermal growth factor receptor (EGFR), Pak1, Bcl-2 and IGF1R in breast cancer, Schwann cell tumors, tongue squamous cell carcinoma and non-small cell lung cancer (26) (27) (28) (29) .
miR-7 inhibits the invasion and metastasis of gastric cancer cells by suppressing epidermal growth factor receptor expression

Materials and methods
Cell lines and culture. The human gastric adenocarcinoma cell lines SGC-7901 (moderately differentiated) and MKN-45 (poorly differentiated) and the normal human gastric epithelial cell line GES-1 were obtained from the Cell Bank of Xiangya Central Laboratory, Central South University (Changsha, Hunan, China). The human gastric carcinoma cell lines NCI-N87 (well differentiated) and MGC-803 (poorly differentiated) were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
MGC-803, MKN-45 and SGC-7901 cells were maintained in RPMI-1640 medium. NCI-N87 and GES-1 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; HyClone-Pierce, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), penicillin (100 U/ml; Sigma Chemicals, St. Louis, MO, USA), and streptomycin (100 µg/ml; Sigma Chemicals). All cells were cultured in a humidified incubator with 5% CO 2 at 37˚C.
RNA isolation and miRNA microarray profiling. Total cellular RNA was isolated from cells of each cell line using TRIzol reagent (Invitrogen) and purified with an RNeasy Mini kit (Qiagen, Hilden, Germany). After being labeled using the miRCURY Array Power Labeling kit (Exiqon, Vedbaek, Denmark), these RNA samples were used as probes to hybridize with the miRCURY microRNA Array kit (Exiqon) in a Hybridization Chamber II (Ambion, Austin, TX, USA) in accordance with the manufacturer's instructions. Hybridized miRNA microarrays were then scanned using a GenePix 4000B microarray scanner (Axon Instruments, Inc., Union City, CA, USA), and the data were analyzed using GenePix Pro software v6.0 (Axon). Differential miRNA expression (fold change >1.50 or ratio <0.667) and cluster analysis were performed using MeV software (v4.6, TIGR). Some of these differentially expressed miRNAs were validated using qRT-PCR. Gastric cancer tissues and matched non-tumor tissues were obtained from surgical resections and were each divided into two parts: one for pathological diagnosis and another for extracting total RNA. Pathological diagnoses were performed independently by two pathologists in accordance with the WHO standard for pathological diagnosis of gastric cancer. Nine of these cases were histologically diagnosed as well/ moderately differentiated gastric cancers, while 14 were diagnosed as poorly differentiated gastric cancers.
The present study was approved by our institutional review boards of the First and Second Affiliated Hospitals of the University of South China. Each patient provided informed consent before participation in the study.
qRT-PCR. Total cellular RNA was isolated from the gastric cell lines and tissues using TRIzol reagent (Invitrogen) and then reverse transcribed to cDNA using a Hairpin-it miRNA qPCR quantitation kit (Shanghai GenePharma Co., Ltd., Shanghai, China) in accordance with the instructions. The PCR primers were: hsa-miR-7 (to generate an 82-bp PCR product), 5'-CCACGTTGGAAGACTAGTGATTT-3' and 5'-TATGGTTGTTCTGCTCTCTGTCTC-3'; human epidermal growth factor receptor (EGFR; to generate a 93-bp PCR product), 5'-AAAGAATACCATGCAGAAGGAGG-3' and 5'-GACATCACTCTGGTGGGTATAGA-3'; U6 (as an internal control, to generate a 70-bp PCR product), 5'-ATTGGAA CGATACAGAGAAGATT-3' and 5'-GGAACGCTTCACGA ATTTG-3', and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, an internal control, to generate a 113-bp PCR product), 5'-CATGAGAAGTATGACAACAGCCT-3' and 5'-AGTCCTTCCACGATACCAAAGT-3'. All of the primers were obtained from Shanghai GenePharma. The qRT-PCR conditions consisted of an initial 95˚C for 3 min; and 40 cycles of 95˚C for 30 sec and 62˚C for 40 sec. To generate the melting curves, the PCR amplification was carried out by slowly heating at 0.1˚C/sec increments from 60 to 94˚C.
Construction of the miR-7 expression vector and gene transfection.
To construct the miR-7 expression vector, we synthesized a mature miR-7 sequence (5'-TGGAAGACTAG TGATTTTGTTGT-3') and inserted these double-stranded oligonucleotides into a linearized PcDNATM6.2-GW/ EmGFP-miR vector (Invitrogen). After amplification, we sequenced this vector to confirm successful cloning. We also constructed a negative control vector using non-sense sequences (5'-AAATGTACTGCGCGTGGAGAC-3') to insert into a pcDNA 6.2-GW/miR vector. For gene transfection, we grew MGC-803 cells and transfected the above vectors into this cell line using GBfectene-Elite (Genebank Biosciences, Suzhou, China) in accordance with the manufacturer's instructions.
The following experimental groups were created: untreated, transfection reagent only, negative control vector and miR-7 vector. The transfection rate was confirmed using an inverted fluorescence microscope and qRT-PCR 48 h after transfection.
Cell viability CCK-8 assay. Cells in each group were suspended and inoculated into 96-wells at 1,000 cells/well. After reaching 80% confluency, the cells were transfected with plasmids (0.05 µg/well) using GBfectene-Elite in accordance with the manufacturer's instructions, and cultured for 72 h. At the end of the experiment, 10 µl of the CCK-8 solution (Yiyuan Biotechnology, Guangzhou, China) was added into each well and the cells were further incubated at 37˚C in a humidified incubator with 5% CO 2 for 1 h. Optical densities were measured at an absorbance of 450 nm using an ELX800 enzyme-linked immunoassay analyzer (BioTek, Winooski, VT, USA). The average and standard deviation of each group were calculated and the data are presented in a histogram.
Transwell tumor cell migration and invasion assays. A Transwell chamber (PengBo Biotech, Changsha, China) was used to detect gastric cancer cell migration and invasion capacity. For invasion, the membrane in the Transwell chamber was coated with Matrigel basement membrane matrix (BD BioCoat, Bedford, MA, USA). The miR-7-transfected or control vector-transfected cells were suspended at 1.0x10 6 / ml in DMEM containing 1.0% BSA. One hundred microliters was added into the upper chamber of the Transwell, and 500 µl DMEM containing 20% FBS was added into the lower chamber. The cells were incubated for 48 h. At the end of the experiments, the cells on the upper side of the membrane were carefully wiped out, and the cells that had migrated or invaded into the lower side of the membrane were fixed with 4% paraformaldehyde and stained with 4' ,6-diamidino-2-phenylindole (DAPI). Images were then captured, and the number of cells was counted in 5 random fields for each group and summarized as mean ± standard deviation (SD) for statistical analysis.
Protein extraction and western blot analysis. Cells were washed 3 times with phosphate-buffered saline (PBS) and lysed in RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China) to extract the total cellular protein.
Equal amounts of protein samples were resolved via 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane (Beyotime Institute of Biotechnology). After blocking with a blocking buffer (GenePharma) for 1 h, the membrane was incubated with a primary antibody against EGFR (Proteintech Group, Chicago, IL, USA) or GADPH (Sigma-Aldrich) at a dilution of 1:500 at 4˚C overnight. The next day the membranes were washed with PBS thrice and then further incubated with a horseradish peroxidaseconjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) at a dilution of 1:1,000 at 37˚C for 1 h. After washing with PBS thrice, positive protein bands were visualized using SuperSignal West Pico chemiluminescence substrates (Thermo Fisher Scientific, Rockford, IL, USA). Image analysis was performed with Alpha Imager 2200 (UVP, Upland, CA, USA).
Dual-luciferase reporter gene assay. To assess the direct binding of miR-7 to EFGR cDNA, we performed a luciferase assay. In brief, the cells were co-transfected with EGFR 3'UTR-pmirGLO plasmid and hsa-mir-7 mimic vector or the negative control plasmid hsa-miR-NC using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. Twenty-four or 48 h after transfection, the cells were prepared for the luciferase assay using the Dualluciferase reporter assay system (Promega, Madison, WI, USA) in accordance with the kit instructions. Luciferase activity was detected with a GloMax™20/20 Luminometer (Promega). The relative luciferase activity was defined as the ratio of firefly luciferase activity to Renilla luciferase activity. Δ luciferase activity was used for statistical analysis of data, where Δ luciferase activity = (Firefly/Renilla) sample/(Firefly/ Renilla) control.
Statistical analysis. Statistical analyses were performed using the statistical software SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). All data are expressed as mean ± standard deviation. Differences between groups were analyzed with one-way ANOVA and the least significant difference test; P<0.05 was considered to indicate a statistically significant result.
Results
Differentially expressed miRNAs in gastric cancer cells.
We performed a microRNA microarray assay to identify differentially expressed miRNAs in gastric cancer cell lines (MGC-803, MKN-45, SGC-7901 and NCI-N87) that varied in the degrees of tumor differentiation, as well as in the normal gastric mucosal epithelial cell line GES-1 (Fig. 1A) . In these gastric cancer cell lines, we found 14 miRNAs that were overexpressed relative to the normal gastric mucosal GES-1 cells (ratio >1.5 between tumor and normal cells). These overexpressed miRNAs were: hsa-miR-23a, hsa-miR-27b, hsa-miR-1908, hsa-miR-26b, hsa-miR-3607-3p, hsa-miR-20a*, hsa-miR-21, hsa-miR-122*, hsa-miR-193a-3p, hsa-miR-26a, hsa-miR-29c, hsa-miR-16, hsa-miR-30b and hsa-miR-3647-3p. In contrast, 19 miRNAs were reduced by 1.5-fold or more (i.e., ratio <0.667 between tumor and normal cells). The miRNAs that were underexpressed were: hsa-miR-1247, hsa-miR-20b*, hsa-miR-4301, hsa-miR-1299, hsa-miR-484, hsa-miR-885-5p, hsa-miR-1265, hsa-miR-589, hsa-miR-550a, let-7i*, hsa-miR-2355-3p, hsa-miR-4284, let-7i, hsa-miR-7, hsa-miR-1260, hsa-miR-622, hsa-miR-185, hsa-miR-378 and hsa-miR-378c.
The miRNA hsa-miR-7 was downregulated in all four gastric cancer cell lines comprising well-, moderately and poorly differentiated gastric cancer cells, relative to normal GES-1 cells. Thus, we chose hsa-miR-7 for further investigation. The underexpression of hsa-miR-7 in the NCI-N87, SGC-7901, MKN-45 and MGC-803 cell lines was confirmed via qRT-PCR (Fig. 1B) .
We then assessed miR-7 expression in gastric cancer tissue specimens, and found that relative to the normal tissues, expression of miR-7 was decreased in 86.9% of gastric cancer tissues. Levels of miR-7 expression were significantly lower in moderately and poorly differentiated cancer tissues when compared with that in the well-differentiated gastric cancer tissues (Fig. 1C and D) .
Expression of miR-7 inhibits gastric cancer cell viability and invasion.
To further assess the role of miR-7 in gastric cancer, we constructed a miR-7 expression vector for gene transfection and found that the transfection efficiency of the miR-7 plasmid and negative control groups was >80% in MGC803 cells after a 48-h transfection, via observation under a fluorescence microscope. The qRT-PCR data showed that levels of miR-7 expression were significantly greater 48 h after miR-7 plasmid transfection compared with the negative control cells (Fig. 2A) . Restoration of miR-7 expression reduced gastric cancer cell viability (Fig. 2B ) compared with the controls.
We used a Transwell chamber to detect the effects of miR-7 on the invasion and migration abilities of MGC803 gastric cancer cells. The miR-7-transfected cells exhibited significantly reduced invasion and migration abilities (33±11 and 59±34, respectively) compared with the negative control cells (135±37 and 160±11), transfection reagent only cells (191±12 and 183±23), and the parental cells (149±39 and 182±20; Fig. 2C and D) .
Expression of the target gene EGFR is inhibited by miR-7.
To explore miR-7 targeting (binding) genes, we performed a bioinformatic analysis using TargetScan, PicTar and miRanda software and found that EGFR could be a target gene (Fig. 3A) . To confirm whether miR-7 regulates EGFR expression by binding to the EFGR 3'UTR, we performed a dual luciferase reporter assay. The results showed that 24 and 48 h after co-transfection of EGFR 3'UTR-pmirGLO plasmid and hsa-miR-7, fluorescent activity was significantly reduced when compared to that of the miR-NC control group (Fig. 3D) .
We then performed qRT-PCR and western blot analysis and found that levels of EGFR mRNA and protein were significantly less in the miR-7-transfected cells when compared with the levels in the negative control, transfection reagent only cells and the parental cells (Fig. 3B and C) . These data suggest that miR-7-induced inhibition of gastric cancer viability and invasion acts through degradation of EGFR mRNA and a decrease in EGFR protein expression.
Discussion
In the present study, we first profiled differentially expressed miRNAs in gastric cancer cells relative to normal cells, since a great number of studies have shown that altered miRNA expression is closely associated with gastric cancer development and progression (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Indeed, our data revealed a group of miRNAs that were either upregulated or downregulated in cells of the gastric cancer cell lines of various differentiation levels relative to cells of the normal mucosal cell line. We then focused on miR-7, which was downregulated in all four of the gastric cancer cell lines tested. Consistent with this finding, miR-7 expression was reduced in the gastric cancer tissues, particularly in moderately and poorly differentiated gastric cancer tissues compared to well-differentiated tumors. Furthermore, restoration of miR-7 expression inhibited tumor cell viability, migration and invasion ability. At the gene level, miR-7 was able to bind to the EGFR 3'UTR and suppress expression of EGFR mRNA and EGFR protein. The data from the present study indicate that miRNA expression was altered in gastric cancer cells and tissue specimens and that restoration of miR-7 expression inhibited gastric cancer cell viability, migration and invasion. These results suggest the role of aberrant miR-7 expression in gastric cancer progression and the underlying molecular pathways.
Previous studies have shown that differential expression of various miRNAs not only contributes to carcinogenesis and cancer progression, but can also predict the histological type of cancer, drug resistance and clinical outcomes (7) . One study utilized 200 miRNAs to molecularly classify human cancers (30) , which may help clinicians to more effectively treat cancer patients. However, to date, there has been no miRNA expression profile study in gastric cancer, while an individual miRNA study showed controversial data (31) . In the present study, we selected gastric cancer cell lines with different degrees of differentiation (i.e., well, moderate and poor) relative to normal gastric mucosal cells, to profile aberrant expression of miRNAs and then verify them in gastric cancer cell lines and tissue samples. The purpose of this approach was to identify miRNAs that may be related to gastric cancer progression (such as high metastatic potential). Our data showed that compared with normal gastric mucosal cells, 14 miRNAs were upregulated, whereas 19 miRNAs were downregulated in the four gastric cancer cell lines tested. The altered expression of miR-7, miR-16, miR-21, hsa-miR-30b, let-7i, hsa-miR-622 and hsa-miR-378 found in the present study was consistent with the findings of others (14, (32) (33) (34) (35) (36) (37) , yet not the altered expression of miR-185 and miR-29c (22, 38) . However, there have been no previous reports of the differential expression of miR-27b, miR-378c and miR-484 in gastric cancer cells. Although data regarding aberrant expression of miR-124, miR-126 and miR-204 have been reported for gastric cancer cells (39) (40) (41) , the present study did not find any alterations in gastric cancer cell lines. This may be because of differences in the cell lines tested, particularly in the level of cancer cell differentiation and the screening criteria for differential miRNA expression. The miRNA microarray and RT-PCR data of the present study showed that miR-7 expression was significantly lower in the NCI-N87, SGC-7901, MGC-803 and MKN-45 cell lines, which was further confirmed in gastric carcinoma tissues and matched adjacent non-tumor tissues. Restoration of miR-7 expression reduced gastric cancer cell viability, migration and invasion ability. Indeed, the current emphasis regarding the clinical control of human cancer concerns the suppression of cancer cell proliferation, invasion and metastasis, all of which affect tumor classification, treatment and clinical outcomes. Poorly differentiated gastric cancer is more aggressive and is defined by increased proliferation, invasion and metastasis (42) , making this type of cancer difficult to treat resulting in a poor patient prognosis. It has been reported that transfection of miR-7 precursor into human gastric cancer AZ521 and Kato III cell lines significantly inhibited gastric cancer cell proliferation (33) . Overexpression of miR-7 in the gastric cancer GC9811-P cell line suppressed tumor cell migration and invasion (43) . This study is consistent with these previous studies, although different tumor cell lines were used. These data together indicate that miR-7 may play an important role in gastric cancer progression.
Molecularly, miR-7 has been shown to downregulate EGFR expression in glioma, and cancers of the prostate, lung, and breast (44,45), but there has been no previous report of the role of miR-7 in the regulation of EGFR expression in gastric cancer.
As we know, the expression of miRNAs are tissue-specific and time dependent, with different tissues or cells at different stages of biological development expressing various miRNAs (8) . In the present study, we performed a bioinformatic analysis and predicted that EGFR cDNA contains hsa-MIR-7 targeting sequences. We then performed a luciferase assay to confirm the interaction between miR-7 and the EGFR 3'UTR in human gastric cancer cell lines. Western blot analysis and qRT-PCR data further revealed that miR-7 suppressed levels of EGFR mRNA and protein in human gastric cancer cell lines.
EGFR is involved in the regulation of tumor cell proliferation, angiogenesis, invasion, metastasis and inhibition of apoptosis through downstream signal transduction pathways, and is closely correlated with tumor initiation, progression and poor prognosis of gastric cancer (46) (47) (48) (49) (50) (51) (52) . The downstream of EGFR signal transduction pathways include the Ras/Raf/ MEK/ERK-MAPK and PI3K/Akt/mTOR pathways (4, 53) . The ERK-MAPK signaling pathway was found to induce cell tumor proliferation by inactivating cell cycle inhibitory protein p27KIP via phosphorylation (54) or by activating matrix metalloproteinases to enhance hydrolysis of the extracellular matrix and invasion of tumor cells (55) , in addition to participation in the regulation of apoptosis of tumor cells. Furthermore, the PI3K/Akt pathway can activate mTOR signaling networks to promote translation of key proteins for cell growth (56, 57) . The present study is proof-of-principle and future studies will be carried out to investigate these gene pathways in the control of gastric cancer development and progression. We will explore whether miR-7 offers a novel strategy for gastric cancer therapy.
